This study was conducted to clarify the heat load characteristics and heat and moisture behavior of underground structures. The authors achieved this by carrying out a numerical analysis using simple heat diffusion and simultaneous heat and moisture transfer equations based on measurement data reported in a previous paper (Park et al., 2006) . This paper presents the results of a numerical analysis on the heat load characteristics and heat and moisture behavior of an underground basement and its surrounding ground under a condition of internal heat generation. The authors found it difficult to predict the heat behavior and heat load of the underground basement by simple heat diffusion alone. Accurate prediction of the thermal environment and heat load requires careful consideration of the influences of moisture and precipitation.
Introduction
Underground structures have favorable thermal environments with advantageous properties such as a constant temperature and high adiabaticity. It can be difficult, however, to predict and evaluate the thermal characteristics with good accuracy.
The ground and concrete are generally porous and moist mediums subject to the transfer of internal heat and moisture as coupled phenomena. The heat transfer and thermal conductivity of these mediums depend on the physical property values in accordance with the variation of moisture content. Both are influenced by heat adsorption according to the phase change of water (Matsumoto et al., 1978) .
For the heat and moisture flux on the ground surface level, the non-linearity is enlarged by the variation of physical property values. Moreover, factors such as precipitation, the shape of the structure and the position of the underground water table influence the spatial and temporal changes of the moisture state of the underground structure and surrounding ground. Thus, we need to consider the internal heat and moisture transfer of the ground and concrete in order to accurately grasp the heat and moisture behavior of the underground structure and surrounding ground.
A number of studies have focused on the heat behavior of underground structures in order to find ways to effectively exploit the ground characteristics. From the perspective of the earth ground heat storage, Matsumoto et al. (1988) analyzed the influence of precipitation in a plain sandy ground and demonstrated the importance of the moisture transfer in the ground. Nagai et al. (1995) conducted a series of experiments and numerical analyses on the effective use of the ground as a medium for long-term thermal storage. Matsumoto et al. (1995) conducted a field experiment and numerical analysis to clarify the heat and moisture behavior of an underground structure and surrounding ground under a natural state. However, only a few field experiments and numerical analyses have been conducted to investigate the heat loads on underground structures and the surrounding ground maintained under an internally heated condition.
Our previous paper (Park et al., 2006) reported the results of a field experiment on an internally heated basement. In the present paper, we predict the heat load of the underground structure and evaluate the heat and moisture behaviors by conducting a numerical analysis of simple heat diffusion and simultaneous heat and moisture transfer based on measured values. We also present and compare the result of each analysis.
Experimental Underground Basement
The site plan and measurement points of the experimental basement are shown in Figs.1. and 2. The basement was set completely underground, with the ceiling at a 1.0 m depth from ground level. The basement measured 3.5m × 2.0m × 2.0m, with a floor area and volume of 7m 2 and 14m 3 , respectively. To clarify the influences of moisture from the ground, the wall of the basement was constructed with reinforced concrete untreated by any form of waterproofing or moisture prevention processing. The thicknesses of the ceiling/sidewall and floor were 0.25m and 0.3m, respectively. For other dimensions and results, please refer to our previous paper (Park et al., 2006) .
Numerical Analysis with the Simple Heat Diffusion Equation
The simple heat diffusion equation generally serves well for predicting the heat environments and heat loads of general buildings. Thus, the field experiment results from October 22, 2004 to October 31, 2005 (Park et al., 2006) were analyzed numerically to examine the validity of the simple heat diffusion equation for predicting the heat behavior of the basement and surrounding ground.
The governing equations
The simple heat diffusion equation was the governing equation used for the analysis. The energy conservation of the concrete/soil and the indoor air of the underground space can be expressed by equations (1) and (2). Fig.3 . shows the geometry for this analysis.� Given the symmetric condition of the temperature field, it was sufficient to calculate only a quarter of the entire region. The numerical analysis of the basement and its surrounding ground is treated as a 3-dimensional coordinate system and performed by the finite difference method, with assumed homogeneity of the ground soil/concrete.
Calculation conditions and boundary conditions
Based on the results from our previous investigation, we selected a plain field sand as the medium for the surrounding ground for our analysis (Park et al., 2006) . The measured values by Göran (1993) and Jury (1973) were used as the physical properties for the concrete and soil. Details on the physical properties are presented later in section 4.3.
Two types of physical properties were used in the analysis to confirm the influences of differences in the physical property values. For the first physical property value, Case-A, the concrete and soil are assumed to be in saturated water conditions. The second, Case-B is a general value based on the following conditions: 20ºC, R.H. 80% and 20ºC, and 25 [vol %].
Most simple heat diffusion models for the prediction of the heat load of general buildings incorporate solar radiation, longwave radiation, and outdoor air temperature as the ground surface boundary condition. If we accept the common assumption that the annual mean ground temperature is almost equal to that of the outdoor air, however, we can also assume that the effect of solar radiation instantly counterbalances the effects of the long wave radiation and moisture evaporation on the ground surface. We therefore decided to use two different sets of ground surface boundary conditions: one consisting of solar radiation, longwave radiation, and outdoor air temperature; the other consisting solely of the outdoor air temperature. The former and latter are denoted by subscript 1 and 2 in each calculation case (See Table 1 .). The annual mean outdoor air temperature of the measurement is applied at the bottom of the ground for the first kind of boundary condition, while that at the periphery of the analysis region is assumed for the second kind of boundary condition (See Fig.3 .). The measurement of internal heat generation (electricity consumption) is used as the indoor boundary condition.
To acquire an accurate calculation result, the length and time steps are divided into very small increments. The number of increments of ∆x × ∆y × ∆z is 25 × 29 × 48. The smallest increment of lengths ∆x and ∆y, 0.01 m, is located at the inside wall of the basement. The smallest increment of length at the ground surface is 0.025m. The time step ∆t is 20 seconds. The other calculation conditions and physical property values are listed in Table 1 . Fig.4 ., the phases and amplitudes of Case-A 1 drew closer to the measurement values than the phases and amplitudes of the other cases. Fig.5 . compares the measured and calculated indoor air temperatures of the basement. The temperature differences between the calculated values and measured values were significant in all cases. The maximum difference during the heating period (from October to June) was considerable, at over 5ºC. Moreover, the difference between 1 and 2 in each case increased gradually with time as a result of the different boundary condition.
This calculation did not account for the influence of the moisture evaporation on the ground surface or the influence of the physical property values of the medium according to the change of the moisture content. As a consequence, the predicted value for the mean temperature in the ground was somewhat high.
Numerical Analysis with Non-linear Simultaneous Heat and Moisture Transfer Equations
The previous section presented the results of an analysis based on simple heat diffusion. We found that it was difficult to predict the heat behavior of the underground basement with sufficient accuracy. We therefore attempt, in this section, to perform a numerical analysis which incorporates the influences of moisture and precipitation using simultaneous heat and moisture transfer equations.
The governing equations
The simultaneous heat and moisture transfer equations are the governing equations for the analysis as a whole. The simultaneous heat and moisture transfer in the concrete and ground can be described by (3) and (4), equations derived with the assumption of local equilibrium between the liquid phase and the gas phase of water without the solid phase (ice) (Matsumoto, 1978) .
where T and F w are the temperature and gravity, respectively, and µ is the water chemical potential relative to the free water.
Calculation conditions and boundary conditions
The boundary condition at the ground surface level and on the underground water table can be described exactly by using the water chemical potential as the transfer potential. The boundary conditions of heat and moisture transfer at the ground surface level are described by the following equations. (5) where subscript s is the surface. The boundary conditions of heat and moisture transfer at boundary surfaces of different materials are given as where subscripts a and b are the different materials, which in this paper are soil and concrete.
The heat equation for the air in the underground space is equal to equation (2), and the moisture equation for the air in the underground space is
The relation between water chemical potential µ and water vapor pressure p is as follows.
where R v , p, and p sat are the universal gas constant for water vapor, the water vapor partial pressure, and the saturated water vapor partial pressure, respectively.
The boundary conditions of the ground surface level and the surface of the inside wall of the basement are the third kind of boundary condition. The boundary condition of the periphery in the analysis region is the second kind of boundary condition (heat flux=0, moisture flux=0).
T h e b o u n d a r y c o n d i t i o n o f m o i s t u r e a t t h e underground water table is the first kind of boundary condition: i.e., the water chemical potential on the underground water table is specified. To prevent emanation in the calculation, a water chemical potential of -1 [J/kg] is applied on the underground water table as the specified value for moisture (Ogura, 2000) . The depth of the underground water table was set at G.L-445cm, i.e., the annual mean depth of the underground water table measured at the experimental site. Measurements of the outdoor air temperature, outdoor air humidity, precipitation, and solar radiation recorded at one minute intervals were used as the outdoor climate condition (See Fig.3-b. ). Table 2. shows the heat and moisture transfer coefficients and other properties. Other calculation conditions are the same for this computation, as described in the previous chapter.
The physical properties of materials
Figs.6.-9. show the thermal and moisture physical property values of the concrete and soil used for this analysis. The existing measurements (Göran, 1993) and presumed values (Ogura, 2000) were applied as the actual physical property values of concrete, as there were no actual physical property values which could be applied from an unsaturated field to a saturated field. The ground was a plain field sand and the physical property values measured by Jury (1973) were used for the analysis. Table 2 . Heat and moisture transfer coefficients and other properties value during summer, whereas the differences of the maximum and annual mean values were 1.0ºC and 0.2ºC, respectively.
We find that the temperatures calculated based on simultaneous heat and moisture transfer were in closer agreement with the measured indoor air temperatures over the course of a year than the temperatures calculated based on simple heat diffusion were (See Fig.5.) . We presume that the simultaneous heat and moisture transfer calculation acquires its superior accuracy by incorporating both the influence of the moisture evaporation on the inside wall and ground surface and the influence of the physical properties of the medium, which are associated with changes in the moisture content. Fig.11 . compares the measured and calculated indoor air temperatures along with the electricity consumption on a typical day during the heating period. The variations of the indoor air temperature and the electricity consumption by the electric hot-air heater in Fig.11 . were attributable to the on/off control of the thermostat. The amplitude of the calculated daily indoor air temperature agreed with the measured value. Fig.12 . shows the annual variation of the calculated and measured values of the relative humidity of the indoor air. The calculated relative humidity of the indoor air slightly exceeded the measured value during the heating period, but the difference was small and the value agreed well with the measured value throughout one year. Fig.13 . and Table 3 . compare the calculated and measured values for the annual temperature variation of each measurement point on the inner surface of the basement wall (See Fig.2.) .
The outdoor climate has larger influences at the ceiling (point C) and at the corner of the upper part of the wall (point E1) than at the other parts of the wall, as C and E1 are the points nearest to the ground surface level. Thus, the amplitude of temperature is larger at points C and E1 than at the other parts of the wall. However, the calculated annual temperature variations at C and E1 agree with the measured values almost as well as the other parts of the wall. Fig.14. shows the heat and moisture flux on the inner surface of the basement wall. The inflow to the indoor air is assumed to be positive, and the horizontal axis in Fig.14. depicts the values from the center part of the ceiling to the center part of the floor.
As the figure shows, the heat flux flowed from the indoor air to the inner surface of the basement wall during the heating period and from the ceiling and upper part of the wall surface to the indoor air during the non-heating period.
The flow of the moisture flux behaved differently from that of the heat flux, however, chiefly because of the uncontrolled indoor air humidity throughout the year. During the heating period, the internal heat generation and the ventilation caused the moisture flux to flow from the inner surface of the wall to the indoor air. During the non-heating period, the increase of the ground temperature and the relative humidity of the outdoor air caused the moisture flux to flow from the indoor air to the inner surface of the wall. 4.5 Heat and moisture behavior of the surrounding ground Fig.15 . shows the annual temperature variation at points A2 (point nearest to the basement) and A5 (point furthest from the basement). The calculated values of the two measurement points agree well with the measured values throughout the year regardless of the distance from the basement, as shown in Fig.15 . Fig.16 . graphs out the temperature distribution in the surrounding ground on a typical day during the heating period. As the figure shows, the internal heat generation influences the temperature distribution in the surrounding ground. We also find, from the numerical calculation analysis of the annual amplitudes and annual mean temperatures in the surrounding ground that the influence of the internal heat generation spreads about 4.0m outward in the horizontal and vertical directions from the outside wall of the basement. Fig.17 . shows the annual variation of the water chemical potential near the ground surface and at point A2. The calculated values agree well with the measured values near the ground surface, though they vary widely because of the solar radiation and precipitation. Fig.18 . shows the distribution of moisture in the surrounding ground on a typical day during the heating period. Because the moisture accumulates in the ground above the ceiling and flows on the outside wall of the basement, the moisture content around the basement is thought to be maintained at a high level throughout the year.
Heat Load Characteristic of the Basement
The previous section presented the numerical results by simple heat diffusion and a nonlinear simultaneous heat and moisture transfer equation. From this data, we found that it was difficult to predict the heat environment of the underground basement and surrounding ground based on simple heat diffusion.
To examine the possibility of applying a tool for predicting the heat load, we calculated the heat load using measurements of indoor air temperature and humidity as indoor boundary conditions. Other calculation conditions were the same as those shown in the previous chapter. Fig.19 . compares the measurement of the monthly integral electricity consumption with the calculated heat load. Table 4 . compares the measured and calculated values for each case.
Results of heat load calculation
As shown in Fig.19 . and Table 4 ., the numerical results for the annual integrated heat load and peak load of CASE-A 2 by simple heat diffusion approached the measured values. The outbreak time of the peak differed, however, and the heating load generated during the summer in the calculation was not generated in the measurement. On this basis, we concluded that it was difficult to predict the heat load with sufficient accuracy based on the simple heat diffusion. In the result of the nonlinear simultaneous heat and moisture transfer equations, the annual integral value and peak load by numerical analysis were about 2,112 kWh and 612 W, respectively, and the latter occurred in January, as did the measured value.
O n t h i s b a s i s , w e c o n c l u d e d t h a t w e c o u l d quantitatively predict the heat and moisture behavior and heat load of the underground basement and surrounding ground under an internal heat generation condition with sufficient accuracy by nonlinear simultaneous heat and moisture transfer equations.
Conclusions
We conducted the numerical analysis using simple heat diffusion and simultaneous heat and moisture transfer equations based on the measurement data. Our main conclusions are as follows.
1) It was difficult to predict the heat environment and heat load of the underground basement and surrounding ground in the analysis based on simple heat diffusion.
2) The annual and daily variation of the indoor air temperature and indoor air humidity calculated by the simultaneous heat and moisture transfer equations agreed well with the measured values.
3) The moisture desorption on the wall mainly occurred during the heating period, due to the influences of internal heat generation and ventilation. The moisture adsorption mainly occurred during the non-heating period.
4) The values of the temperature and water chemical potential in the surrounding ground calculated by the simultaneous heat and moisture transfer equations could predict the measured values with sufficient accuracy.
5) The annual integrated heating load, peak load, and outbreak time calculated by nonlinear analysis agreed well with the measured values.
Consequently, to evaluate the heat and moisture behavior and predict the heat load of the underground structure precisely, we concluded that we need to incorporate the influences of moisture and precipitation into the numerical analysis.
To minimize the tedium and complexity of nonlinear numerical analyses, the next phases of this study will focus on the linear approximation of the equations by a quasi-linearized method and the possible application of such an approach. 
